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ROLLING FRICTION RESEARCH INSTRUMENT

John P. Ward, M.S.E.
Western Michigan University, 1993

An instrument has been analyzed, designed and constructed that
will accurately measure the rolling resistance of metallic spheres an
plane surfaces subjected to normal loading which will produce contact
stresses approaching material yield.
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CHAPTER I

INTRODUCTION

Statement of the Problem

An understanding of energy losses on rolling element bearings
is basic to bearing design and to the selection of the materials used
to minimize those losses. Basically, three sources of energy losses
may be considered in association with rolling bearing elements: in
terfacial adhesion, contact surface slip, and material hysteresis
losses.
The first source of energy loss, interfacial adhesion, results
from the repeated application of loads that produce stresses at the
contact surfaces. Cracks resulting from these stresses produce spalling. The rolling process however, imposes much gentler deformations
on the surface than the sliding process. Consequently breakup of sur
face films is less likely and the overcoming of interfacial adhesion
consumes only a small part of the total energy expended during roll
ing.
The second source of energy loss is due to contact surface
slip. Rolling el aments operating under large normal loads will deform
to elongated pressure ellipses with their minor axes in the rolling
direction. Sliding friction due to relative motions of the contacting
surfaces between the deformed sphere and bearing race within the
bounds of the pressure areas account for energy loss due to the roll-

1
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ing action.
For rolling element bearings constructed of hardened high
carbon

chrome steel alloys, these two sources of energy loss account

for a small portion of the total resistance to rolling. The contribu
tion of adhesion and slip friction energy losses to rolling resis-*
tance has been addressed in the literature and can be rendered neg
ligible utilizing proper geometric design and lubricants.
The third form of energy loss, and of interest in this re
search, is the result of material hysteresis occurring from repeated
deformation of the stressed volume of material at the contact area
between the rolling sphere and bearing race. As a sphere subjected to
substantial normal loads rolls forward, it deforms the crystal micro
structure of the race material ahead of it and in so doing does work
on it. Energy is stored in the crystal microstructure so long as the
contact stresses do not exceed material yield. As the contact area
passes, the local crystal microstructure recovers elastically and
does work on the rear portion of the sphere urging it forward. If the
energy recovered at the rear of the sphere equals the energy expended
at the front, the net work required to roll the sphere would be zero
(neglecting adhesion and slip losses). No material is perfectly elas
tic therefore elastic hysteresis results in energy loss. It is clear
that these internal forces effecting material crystal microstructure
cannot be reduced by geometric design or by lubricants. Energy losses
due to hysteresis must be dealt with on a material science basis.
Little research has been published which deals with hysteresis losses
in rolling element bearings.
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Project Scope

From the qualitative discussion of hysteresis losses in rolling
element bearings, it would be reasonable to conclude that rolling re
sistance is dependent on material resilience. Evaluation of rolling
resistance is difficult as explained in Kanphuis and Ward (1990). A
relationship between easily obtained restitution data and rolling
friction would be very useful. Optimization of materials can lead to
the use of metal alloys which perform more reliably and do not de
plete scarce resources. Considerable research and accumulation of
data on restitution has been documented by Dr. Meshulam Groper, Pro
fessor of Mechanical Engineering, Western Michigan University.
The construction and evaluation of an instrument capable of
measuring internal energy losses of rolling spheres is the primary
objective of this project. Completion of the design discussed in
Kanphuis and Ward (1990) along with instrument alignment and function
verification is the project scope.
The instrument will be used to test the stated hypothesis and
to conduct basic research into the phenomenon of rolling resistance
of spheres subjected to normal loading which produce contact stresses
approaching material yield.
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CHAPTER II

INSTRUMENT DESIGN

General Description

A photograph of the ccnplete Rolling Friction Research Instru
ment is shown in Figure 1. The research instrument that was construc
ted will measure rolling hysteresis energy losses of spherical and
cylindrical rollers up to one inch in diameter. Although the design
allows for the testing of a variety of materials, the testing of
steels was of primary interest in determining design parameters. The
instrument will produce contact stresses as high as 500,000 psi when

Figure 1. Photograph of the Complete Rolling
Friction Research Instrument.
4
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a one inch steel sphere is tested. Steels and composite materials
stronger than 52100 bearing grade steel may be tested with this
instrument.
The critical aspect of the design was to resolve the resultant
force on the sphere being tested into its normal and tangential com
ponents. Difficulties arise since the tangential component is often
three orders of magnitude less then the normal component.
The design parameters of the instrument were determined by
evaluating the largest and smallest normal forces and corresponding
expected resistance forces using Hertzian stress theory (Young 1989).

KORMAL LOU
L O U CtlL

SUPPORT STRAPS

LOAD
COLUHA

FORCE

TRANSDUCER

Figure 2. Skeleton Drawing of the
Moving Parts of the
Test Instrument.
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As described in Kanphuis and Ward (1990), the maximum normal load
which will produce contact stresses approaching material yield for a
one inch sphere is 580 lbs. The expected resistence to motion by the
sphere perpendicular to the load is approximately 9.8 lbs. This es
tablishes the upper limit of the instrument. The lower limit of the
instrument depends on the ability of the data acquisition system to
resolve data over noise contamination.
The load is applied to the sphere by a pneumatic cylinder
through a load cell and the load column as shown in Figure 2. During
a friction test, the carriage is moved to the left while the load
column remains stationary. The resistance of the sphere to this
translation forces the table against a semiconductor strain gage
force transducer. So long as the support straps remain perpendicular
to the table, the force transducer is subjected to the entire resis
tive force of the sphere. Outputs from the normal load-load cell and
the semiconductor force transducer are monitored and recorded during
a test. A more detailed description of data acquisition will be given
subsequently in this writing.

Description of Major Assemblies

The instrument consists of four major assemblies: frame assem
bly, carriage assembly, load column assembly, and load column guide
assemblies. Each will be described in this section.

Frame Assembly

The frame assembly consists of W8-21 wide flange "I" beams
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Figure 3. Frame Assembly.
welded in post and lintel configuration as shown in Figure 3. Steel
plates are welded to the bottan of the two colums. The instrument is
supported by three 3/4-16 UNF bolts mounted on the bottom plates.
This three point mounting system provides for a simple leveling pro
cedure of the instrument. Casters are also mounted on the bottom
plates to facilitate movement of the instrument.
Carriage guide rails are bolted twenty inches below the bottom
of the lintel. The guide rails are 1$ x 6 inch steel plates supported
by cleats welded to the columns as shown in Figure 4. Two bolts are
threaded into each cleat. The ends of the two guide rails are ad
justed by means of these adjusting screws. Adjustment of the guide
rails will be described in a subsequent section of this paper. Once
aligned, the guide rails are bolted to the column with two $-13 UNC
bolts at each end.
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Figure 4. Carriage Guide Rails Support
and Alignment Bolts.

Carriage Assembly

The

carriage assembly, shown in

Figure 5, consists of five

Figure 5. Carriage Assembly.
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major components: the carriage, the support straps, the table, the
transducer support, and the semiconductor force transducer.
The carriage assembly is supported in the instrument by the
carriage guide rails of the frame assembly. During a test, the car
riage assembly is translated by a precision ball screw assembly
driven by a variable speed high torque motor. The carriage assembly
translates on a fully supported linear motion system.
The function of this assembly is to cause motion between the
sphere and the plane surface and to measure the force which resists
rolling. Since the support straps act as cables, as explained in
Kamphuis and Ward (1990), the displacement of the table is due to the
resistive force between the sphere and the plane surface it is
rolling on.

Load Column Assembly

The load column assembly applies the normal load to the sphere
and is shown in Figure 6. Force is supplied by pneumatic cylinder
through a load cell transducer to the load colurm. Load column stroke
is adjustable by means of a tumbuckle type linkage between the load
cell transducer and the load column. Side to side and front to back
locations as well as the slope of the load column in the direction
and perpendicular to the direction of translation are controlled by
the load column guide assemblies.

Load Column Guide Assemblies

The load column guide assemblies consists of four plates which
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Figure 6. Load Colurm Assembly.

surround the load colurm. In each plate are mounted a series of
radial bearings as shown in Figure 7. Each bearing, except for one in
each of the left and right plates, are adjustable. The adjustable
bearings are mounted on an eccentric shaft. The eccentric allows for
0.030 inch lateral displacement of the bearing. By adjusting diago
nally opposite bearings, the slope of the load column may be varied
approximately one half of a degree of arc in the direction of motion
(ie right to left) and approximately one and a half degrees perpen
dicular to the direction of motion (ie front to back). A typical ad
justable bearing assembly is shown in Figure 8. The adjustment of the
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Figure 7. Load Colurm Guide Assemblies.

guide bearings will be treated in a subsequent section of this
writing.

Figure 8. Guide Bearing Assembly.
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CHAPTER III

ANALYSIS OF MEASUREMENT ERRORS

Since all materials will deform under load, the support straps
will not remain perpendicular to the table during a test, that is,
the force transducer and its support will deflect. Part of the fric
tion force will be opposed by the support straps. Figure 9 shows a
free body diagram of the table assembly. The forces that oppose the

Figure 9. Free Body Diagram
of Table Assembly.

friction force (f) include the transducer force (F), the bending
force of the support straps (B), and the horizontal component of the
support strap tension (T). To accurately measure the resistive force
of the sphere the deflection of the force transducer must be small so
that the forces (B) and (T) are negligible compared to force (f).

Force Transducer Deflection

As described in Kanphuis and Ward (1990), the largest normal

12
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load that will be applied to a one inch diameter sphere is 580 lbs
with an expected corresponding resistive force of 9.8 lbs. To measure
three significant digits an error of less than 0.01 lbs (0.1%) is
desirable.
The largest source of error is due to the angle of the support
straps when the transducer deflects. The measurement error due to
this angle is the horizontal component of the strap tension. From the
free body diagram of the table, Figure 9,
E, = N*tan(0)
where N is the normal load. The tangent of

...(1)

6

can be found from

tan(0) = d/(L* - d*)J
where L

isstrap length

...(2)

and d is the length of the deflection. Note

that this equation assumes that the support straps act as cables.
This assumption is reasonable since the straps have a low moment of
inertia for bending in the direction of translation. Setting $ in
equation (1) equal to 0.01 lb and solving for d yields an ideal
transducer deflection of 2.07E-4 inches.
The semiconductor force transducer used in
a range of

0-10 lbs., a sensitivity of 25 mV per

this instrument has
lb., and a deflec

tion of 3.42E-4 inches at maximum loading. Although the deflection is
slightly larger than desired, the deflection measurement error can be
compensated through calibration. Since the deflection of the force
transducer is linear and the value of equation (1) is nearly linear
with respect to deflection for snail deflections, the force transduc
er sensitivity can be increased to compensate for errors in measure
ment due to deflection of the transducer and its support.
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Support Strap Bending

The ends of each support strap are fixed, hence each strap acts
like

twocantileversjoined at the free end

asshown

The deflection ofthe end of a cantileverbeam

in Figure 10.

isgiven

by

5 = PLJ/ (3EI)

...(3)

where P is the load, L is the length of the cantilever, E is Youngs
Modulus, and I is the moment of inertia of the cross section resist
ing bending. The force required to bend a strap can be determined by
substituting appropriate values into equation (3). From equation (4)
F = 24EI6/L1

...(4)

it is apparent that increasing the length of the support straps sig
nificantly reduces the force required for bending. However, increas-

F/2

2F

Figure 10. Strap Bending.

ing support strap length also increases the amount of stretch during
loading. To minimize the force required to bend the straps and also
decrease the stretch of the straps, four straps (two at each end of
the table) are vised. By using four straps, the total cross-sectional
area is increased while the moment of inertia is kept to a minimum.
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By choosing appropriate dimensions, measurement error due to strap
bending is 0.034%.

Table Slope

When the table is loaded off center in the direction of roller
travel, each support strap deflects a different amount.

This differ

ence causes the table to become oriented at some angle other than
perpendicular to the load column. A component of the load force is
then measured at the friction force transducer. From Figure 9, the
difference in support strap deflection for small theta is
D = |Tr T,|*L/(AE)

...(5)

where L is the strap length, A is the strap area, and E is the mod
ulus of elasticity. For this design the difference in strap deflec
tion is 1.29E-4 inches for a 580 lb. load at a distance of one inch
from the center of the table. This deflection difference causes an
error in the friction reading of 0.005 lbs. An error this large for
one individual error source is quite significant to total system
error.
To reduce this error, the table assembly can be made self-com
pensating for its own deflection as shown in Figure 11. Although the
difference in strap deflection causes the table to attain a certain
slope, the bending of the table can reduce or eliminate any slope at
the load. The friction measurement error then, can be reduced or eli
minated. Since the deflection curve of the table is a different order
equation than the slope created by strap stretch, it is not possible
to have the two cancel for any given position. However, by correctly
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DEFLECTION DIFFERENCE
LOAD

Figure 11. Table Slope.

selecting the table length, moment of inertia, and strap area, the
two slopes will nearly cancel for short distances. To allow the selfccmpensating system to perform correctly the table must have a moment
of inertia much larger than that of the flat test specimen which is
attached to it. The mcment of inertia determined for the table is
5.40 in4 which is large compared to the maximum test sample moment of
0.021 in4. The maximum error for the required range (± 1 inch) is
9.7E-5 lbs. which is negligible compared to an expected friction
reading of 9.8 lbs.
The self compensating system however will not compensate for
strap elongation due to a thermal gradient between the two sets of
stainless steel straps at each end of the table. Assuming a coeffi
cient of thermal expansion of 9.6E-6 /*F for stainless steel, a
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thermal gradient of two degrees Fahrenheit will result in a table
slope of three seconds of arc. The friction force measurement error
resulting from this slope is 0.0077 lbs. This error can be rendered
negligible if the instrument is operated in a temperature controlled
laboratory environment and sufficient time is allowed to attain ther
mal equilibrium.
Since, for this research, the instrument will be operated in a
thermally controlled environment, friction force measurement error
due to thermal expansion is emitted from Table 1, Force Measurement
Errors, at the end of this chapter.

Load Column Slope

To restrain the load column from motion in all but the vertical
direction a total of ten guide bearings are used shown in Figure 1.
Precise location of the load column is critical since very small
slopes of the loading surface causes significant error in the fric
tion measurement.
The normal load must be measured at the top of the column. Any
force transducer mounted below the guide roller bearings would not be
stiff enough to prevent the load surface from becoming too sloped
during testing.
Kamphuis and Ward (1990) suggested that to minimize error due
to friction between the guide rollers and load column, there should
be a clearance between the two. Practically this clearance is diffi
cult to establish and maintain and results in a loss of load column
control. Therefore all rollers are placed in contact and tight ma
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chine shop tolerances are placed on parallelism of the sides of the
load column. Since the maximum stroke of the load column is 1 inch,
only one quarter of the total bearing runout need be considered. For
two guide bearings, maximum runout in a test, assuming an initial
slope of zero when the load column is in the down position (in
contact with the table) will be 0.00035 inches resulting in a load
column slope of 8.0E-5 inches. The error in friction force measure
ment is 0.048 lbs. The frictional effect of all ten guide bearings
being in contact with the load column on the normal load measurement
at 580 lbs is 0.32 lbs.
Since two diagonally opposed guide bearings are spring loaded
in the direction of carriage translation, the load is always kept to
one side of the load column centerline. If the sphere crosses the

0.25

0.25

2. 25
Figure 12. Test Area of the Load Column.

centerline, significant change in the contact surface slope will
occur. Figure 12 shows the test area of the load column. The sphere
can make contact anywhere inside the rectangle.
Bending of the load column during a test must be considered
since the load is never located at the centriod of the cross section.
The load column acts as a simply supported beam between the upper and
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lower guide bearings with a moment applied at one end.

It acts as a

cantilever below the lower guide bearing with the friction force
acting horizontally at its end. The slope of the load surface can be
determined by adding the slopes caused by the two beam conditions.
For the worst case, the slope of the load surface is 1.09E-5 corre
sponding to a force of 0.0063 lbs opposing friction.

Carriage Guide Rail Bending

The carriage guide rails bend during a test due to the normal
load being applied and from their own weight. Beam bending regardless
of the support type is a second order equation and the slope on each
side of the centerline are of opposite signs. By locating the center
of the test area of the load colurm, shown in Figure 12, at the
center of the carriage guide rails betweem the support bolts of the
frame columns and positioning the pillow blocks of the linear motion
system equidistant from this centerline, the carriage guide rails may
be made self compensating. The two slopes will not completely cancel
because the load on each pillow block of the linear motion system are
not equal. However, for small distances on either side of the car
riage centerline (± 1 inch) table slope due to carriage guide rail
bending can be considered neglegible.

Sunmary of Errors

Table 1 lists the sources of measurement error and provides a
total expected measurement error for friction force and normal load
force at the worst case. The expected percent measurement error in
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Table 1
Force Measurement Errors

System Error (lbs)

Source

Friction
Measurement
Error (lbs)

Strap Bending

0.00335

Table Slope

9.7E-5

Load
Measurement
Error (lbs)

0.320

Guide Bearing Friction
Load C o l u m Bending

0.00632

Guide Bearing Deflection

0.048

Total

0.0578

0.320

the friction force measurement is 0.59%. The expected normal load
measurement error is 0.06%. The percent error decreases with a
decrease in the applied load.
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CHAPTER IV

INSTRUMENT ASSEMBLY AND ALIGNMENT

The sequence and methods used to assemble and align each assem
bly of the instrument will be discussed in this chapter. As described
in Kamphuis and Ward (1990), parallelism between the load column and
the table must be held within twenty seconds of arc during a test to
measure the rolling resistance force accurately to three significant
digits.

Carriage Assembly

It is desirable to establish a common reference point or sur
face from which alignment of all assemblies of the instrument may be
based. The carriage plate, shown in Chapter II, Figure 2, was chosen
as the common reference surface for the alignment of the instrument.
As described in Kamphuis and Ward (1990) and Chapter III, Anal
ysis of Measurement Error, of this paper, the support straps must
remain perpendicular to the table during a test. This implies that
both straps must be exactly the same length. To insure that this con
dition exists, a dial indicator was used to check parallelism between
the carriage and table.
The table was used to locate the horizontal mounting points of
the straps on the carriage during machining. If the carriage, table,
and straps are regarded as forming a parallelogram, the method of

21
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establishing strap support location just described insures that the
top and bottcm of the parallelogram are exactly the same length. The

Figure 13. Carriage Assembly Alignment.

only variable remaining is the length of the straps. A steel bar was
bolted to the carriage and table mounting points to prevent swinging
of the table as the dial indicator was translated as shown in Figure
13. By shimming the strap support mounts at the carriage, parallelism
between the carriage and table, over the fifteen inch table length,
was measured at 0.0005 inches or seven seconds of arc in the direc
tion of motion (right to left). In the direction perpendicular to
motion (front to back), parallelism was measured at ten seconds of
arc. Slope in this direction does not effect the accuracy friction
measurement. However, large slopes on the order of one minute of arc
in this direction will effect the normal load measurement.
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Carriage Guide Rails

The tops of the two guide rails, which are part of the frame
assembly, were ground together to insure flat mounting surfaces for
the fully supported linear motion system. The linear motion system
mounted on the carriage guide rails was shown in Chapter II, Figure 3
of this paper. The carriage guide rail support and alignment bolts,
shown in Chapter II, Figure 4, are adjusted until there is equal
pressure on the four pillow blocks of the linear motion system and
the carriage. This procedure insures that the table will remain par
allel to the linear motion system as it translates during a friction
test.
The instrument is then leveled by adjusting the frame leveling
screws described in the Frame Assembly section of Chapter II in this

Figure 14. Carriage Assembly Leveling.

paper. As shown in Figure 14, a machinist level accurate to nine
seconds of arc is placed on the carriage. The instrument is then
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leveled in both the direction of translation (right to left), and
perpendicular to the direction of translation (front to back).
Gravity has no effect on a friction measurement. Once the test
sphere is loaded and in static equilibrium, all forces due to level
ing misalignment are balanced. When translation begins, measurement
errors described in Chapter III are valid. Leveling the instrument
provides for smoother translation of the carriage assembly by the
drive mechanism.

Load Column Pneumatic Cylinder

The pneumatic cylinder must supply a force perpendicular to the
table through the load column. Aligning the pneumatic cylinder per
pendicular to the cannon reference surface, that is the carriage

Figure 15. Pneumatic Cylinder Alignment,

plate, insures that the normal load force will be directed in a di-
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rection perpendicular to the table since the table was adjusted
parallel to the carriage. Figure 15 shows the method used to align
the pneumatic cylinder
The cylinder is mounted to a flat plate which in turn is
mounted to the frame lintel. A three point mounting system is em
ployed. Three 3/8-16 UNC threaded rods are bolted to the frame
lintel. The pneumatic cylinder mounting plate is secured to the
threaded rods by means of nuts on each side. A dial indicator is
attached to the ram of the pneumatic cylinder and it is then rotated
360 degrees. The nuts securing the cylinder mounting plate are
adjusted until the cylinder is perpendicular to the carriage plate.
Since the carriage was established as the common reference, this
alignment procedure assures that the pneumatic cylinder is perpendic
ular to the table and the linear motion system.
Alignment of the source of the normal load is critical to
normal load measurement error. Misalignment in the direction of
application of the normal load will result in only the vertical
component being applied to the load column. However misalignments in
the linkage between the load cell and the load column, assuming the
threaded and jammed joints at the tumbuckle and load column act as
welded joints, will result in a moment applied to the load column.
This moment must be balanced by a moment couple at the guide bearings
in the load column guide assemblies. This will effect the normal load
measurement in so far as the normal load on the guide bearings will
increase thereby increasing the friction between the guide bearings
and the load column. A linkage misalignment of three minutes of arc
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will result in approximately 0.80 lbs load on the guide bearings
increasing the normal load error by 0.005 lbs. This is insignificant
compared to a maximum normal load of 580 lbs.
As far as friction measurement is concerned, significant errors
will arise if the moment couple on the guide bearings becomes suffi
cient to cause excessive bending in the guide bearing axles. Axle
bending will cause slope between the load coluim and table. Assuming
the guide bearings to be simply supported, bending of two guide
bearing axles at 0.80 lbs couple results in load column slope of two
seconds of arc. A linkage misalignment of three minutes of arc was
easily attained using standard machine shop tolerances.

Load Coluim Guide Assemblies

At this point in the assembly and alignment procedure, the
remainder of the instrument is assembled. Alignment of the load
coluim guide assemblies on the frame guide rails is not critical as
long as the range of the guide bearing axle eccentrics are not
exceeded. Once set the guide bearings will define a straight line for
the load coluim to move vertically.
To set the guide bearings, the axle eccentrics are rotated to
their maximum outward position and the load coluim is lowered until
it rests flat on the table. This insures that the load column is
perfectly parallel to the table initially. The eight adjustable guide
bearings are then brought into contact with the load column. The
guide bearing axles are then locked in position.
The slope of the load coluim is then checked in a raised posi-
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tion. A special dial indicator base was constructed to allow load
colurm slope measurements to be made for column to table separation
distances of as little as one inch. Load c o l u m slope measurement is
shown in Figure 16. Adjustments to load coluim slope or predetermined

Figure 16. Load Coluim Slope Alignment.

slope offsets to decrease friction measurement error as suggested in
Chapter III are an option at this point.
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CHAPTER V

DATA ACQUISITION

Equipment Criteria and Selection

Capabilities of an acquisition system should include acquiring
and displaying outputs from all sensors on the rolling friction re
search instrument as well as digitizing and storing data in a form
necessary for processing and analyzing with a microprocessor. As of
this writing, only two sensors need be monitored. As the research
into rolling hysteresis continues, more sensors may be added to the
instrument such as vibration and thermal transducers. For this reason
a multichannel system is desirable.
A Model 3001A Processing Digital Oscilloscope manufactured by
The Norland Corporation was chosen as the data acquisition system for
the instrument. The Model 3001A is a four channel device with the
capability of acquiring analog waveform data frcm all four channels
simultaneously at sample rates ranging from 5 usee to 50 sec. The
data may be stored in digital memory and on floppy disk through an
RS-232 interface for use in a microprocessor. Further, the Norland
Model 3001A is a programmable computer for data handling and analy
sis.
Since the two sensors presently being monitored on the friction
instrument are strain gage based transducers, Model 3800 Wide Range
Strain Indicators manufactured by Measurement Group, Inc. are used as
28
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signal conditioners for the digital oscilloscope. Figure 17 shows the
data acquisition system.

Figure 17. Data Acquisition System.

System Function Verification

A test run is included in this section as a system verifica
tion. No attempt will be made to interpret the data in this paper.
Figure 18 shows the output of the two force transducers as dis
played on the Norland Model 3001A Digital Oscilloscope. The sample
test run was made with a one inch diameter steel sphere subjected to
a two hundred pound normal load. The digital oscilloscope was set to
trigger on a positive slope of the friction force transducer then
sample the outputs of both the friction force and normal load trans
ducers at a two millisecond sample rate.
The top trace is the output of the friction force transducer
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and the bottom is that of the normal load-load cell.
The output of the friction force transducer contains the in
fluence of many sources which must be isolated, analyzed and pro
cessed so that the pure rolling resistance ccrrponent may be identi
fied. This is beyond the scope of this work and will be the subject
of future research.
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Figure 18. Sample Test Run.
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CHAPTER VI

CONCLUSION

Although no attempt was made in this phase of the research to
interpret the data obtained from the instrument, it has been shown
that energy losses due to rolling hysteresis can be accurately mea
sured. An instrument has been designed, constructed, and evaluated to
measure these losses.
Experimental errors in the system have been identified and
predicted. Where possible provisions have been made, through design
or monitoring and adjustment procedures, to reduce or eliminate these
errors. Through proper manufacturing processes and alignment proce
dures, the experimental error in rolling resistance is calculated to
be 0.60 percent and for the normal load measurement 0.06 percent.
Systematic errors must be dealt with using statistical methods.
Potential errors due to thermal differentials and vibration will be
evaluated when the instrument is located in the permanent area where
the research will be done. If the research area is an environmentally
controlled laboratory, thermal differentials will have no influence.
If vibration from external sources are deemed excessive or problemat
ic, a vibration isolation system may have to be considered.
The next phase of the research consists of outlining a test
program such that influences on the transducer outputs other than
pure rolling resistance and normal load force beyond the control of

31
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design techniques be identified and eliminated. From the results, the
hypothesis of a relation between rolling resistance and material
resilience may be tested and the mechanics of pure rolling can be
studied.
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